Histogram shows the improvement of OEG-transplanted versus nontransplanted (non-T) rats in the climbing test at 3 (white bar), 5 (gray bar), and 7 (black bar) months post surgery. OEG-transplanted rats were numbered from 1 to 9 according to the performance ranking (rat 1 was the best performing animal and 9 the worst). None of the 12 nontransplanted rats achieved the lowest level at any survival period analyzed (line at 0; error bar ϭ 0), whereas all OEG-transplanted rats overcame at least this same level 7 months post surgery (p ϭ 0.0001). All shamoperated animals always achieved level 4 (not represented). To compare the time course of the functional outcome observed in the three tests used in this study, the recovery of contact placing (C) and proprioceptive (P) responses of each rat at 3, 5, and 7 months post surgery is represented on top of the respective bar of the histogram. Positive responses of both (B), left (L), right (R), or none (Ϫ) of the hindlimbs are represented. There was a correlation between the climbing levels achieved and the extent of recovery of contact placing and proprioceptive responses (r 2 ϭ 0.952).
the OEG-transplanted rats (rats 1 and 2 in Figure 1 ) movements of just two joints and more frequently dragged their hindlimbs while moving. showed extensive movement of hip, knee, and ankle joints, and a third rat (rat 3 in Figure 1 ) presented slight movement of the knee and ankle joints and extensive Functional Recovery of Paraplegic Rats From 3-7 months post injury, recovery of hindlimb volunmovement of the hip. The remaining OEG-transplanted rats (n ϭ 6) presented slight movements of the three tary movement was assessed using a climbing test with four different difficulty levels. Using this test, no funchindlimb joints. By comparison, two months after transection, nontransplanted rats (n ϭ 12) showed slight tional improvement was observed in any of the injured nontransplanted animals 7 months after spinal cord platform from higher grid levels (more than 45Њ) presented symmetrical recovery of both sensorimotor retransection. However, at the same postsurgery period, all OEG-injected rats showed a highly significant recovflexes (see rats 1-7 in Figure 1G ). Therefore, each single animal had the same onset and a similar extent of funcery of motor function (Figure 1 ; p ϭ 0.0001). Whereas all (100%) transplanted animals overcame at least level tional outcome in the three functional tests used in this study ( Figure 1G ). There was a positive linear correlation 1 of the climbing test (45Њ), none of the nontransplanted injured rats succeeded in performing this lowest level, between the level achieved in the climbing test and the degree of light touch and proprioceptive recovery (r 2 ϭ not even when they presented stepping reflexive movements ( Figures 1A-1E) . Of all OEG-injected animals, 0.952). This suggests that reestablishment of proprioception and light touch responses might be necessary 78% were able to reach the platform climbing from the level 2 grid (60Њ), 67% climbed from the level 3 grid (75Њ), to properly perform the climbing test and that, more likely, the climbing level achieved by each animal deand 22% achieved the maximum grid level (90Њ; Figure  1E ). The slopes climbed by OEG-transplanted rats were pends on the extent of sensorimotor recovery. The functional recovery observed in each test (climbhigher than those previously reported after complete spinal cord transection (45Њ of inclination), using periphing, contact placing, and proprioception) in the OEGtransplanted group compared to that in the nontranseral nerves to bridge the gap (Cheng et al., 1996). To accomplish any of the inclined grid levels, OEG-transplanted group was significant after 3 months (p Ͻ 0.05) and highly significant after 5 (p Ͻ 0.001) and 7 months planted rats voluntarily stepped and placed the paws on the rungs, and then pushed with the hindlimbs upward (p ϭ 0.0001) post surgery. Moreover, after 7 months, the recovery exhibited by OEG-transplanted rats in each to propel the body to the horizontal smooth platform. Therefore, OEG-injected rats presented voluntary movetest was statistically significant with respect to that after 3 months (p Ͻ 0.05), suggesting that the improvement ment of the hindlimbs, plantar placement of the paw, and body weight support.
of somatosensory and motor functions in rats receiving OEG transplants was time dependent (see QuickTime The rats' response to light touch (contact placing) and joint bending (proprioceptive) stimuli of the hindlimbs movie at http://www.neuron.org/cgi/content/full/25/2/ 425/DC1). was also evaluated. All nine OEG-injected animals (100%) responded at least with one hindlimb to light skin contact and proprioceptive stimuli 7 months post Motor Axon Regeneration surgery ( Figure 1F ). Contact placing response was symThe corticospinal tract (CST) was anterogradely traced metrical in eight of the animals (89%) and proprioception with biotin dextran amine (BDA), and we used immunoin seven (78%). In contrast to the OEG-injected group, histochemistry to visualize raphespinal ( Figures 3B-3D ). By comparison, in nontransplanted rats, CST fibers were unable to cross the rostral glial scar. Serotonergic and noradrenergic axons traversed the proximal gliotic tissue and entered the GFAP-negative scar, but these fibers were unable to invade the distal glial scar (data not shown).
Distal Spinal Cord Stump
Long-distance axonal regeneration of CST, noradrenergic, and serotonergic axons was observed in the distal spinal cord stumps of animals receiving OEG transplants (Figures 3-5) . By comparison, none of these tracts crossed the caudal glial scar, and thus they did not regenerate through the distal cords in any injured nontransplanted animal. The distances traveled by these regenerating axons, after OEG transplantation, were variable between animals. Linear regression analysis indicates that axons elongated for longer distances in rats with better scores in all the behavioral tests after 7 months (r 2 ϭ 0.948). In rats achieving level 4 of the climbing test (rats 1 and 2), regenerating CST, noradrenergic, and serotonergic fibers crossed the lesioned region, entered the distal cord, and were observed up to 3 cm from the rostral edge of the distal stump (L6 segment, farthest distance analyzed) ( Figures 3E, 3I , 4B, 4D, 4E, and 4G). Fibers from these three tracts were found at distances up to 1.3, 1, and 1.5 cm respectively (L2-L3) in animals succeeding levels 2 or 3 (rats 3-7) ( Figures  3B and 3H ). An exception to this group was rat 3, in which noradrenergic and serotonergic axons regenerated more distally (up to 3 cm) ( Figures 4C and 4F ). In rats 8 and 9, which only accomplished the lowest climbing level (45Њ), CST fibers crossed the lesioned region, Statistical analysis of behavioral data was performed with SAS Stacover the entire hindlimb region. Three weeks later the animals were tistical System v6.12 (SAS Institute, Cary, NC), using the nonparaperfused.
metric Wilcoxon test. We analyzed the statistical significance of the behavioral differences between OEG-transplanted and nontransplanted rats in each of the tests (climbing, contact placing, and Functional Analysis proprioception) at 3, 5, and 7 months post surgery. The significance All animals (n ϭ 32) were trained to climb onto inclined grids (25 ϫ of the functional outcome observed in OEG-transplanted rats be-25 mm holes) of different difficulty levels (1-4) depending on the tween 3 and 7 months post surgery was also studied. slope (45Њ, 60Њ, 75Њ, and 90Њ from the horizontal plane, respectively; Linear regression analysis was used to examine the relationship Figure 6B ). Upon reaching the top of the grid, animals had to combetween the functional recovery observed after 7 months in the pletely pass their bodies and both forelimbs and hindlimbs to the three functional tests together and the distances that the three types platform to succeed in the performance. Those animals able to of motor axons regenerated. Scores from 0 to 4 were given to the reach the top of the grid but unable to cross to the horizontal plane animals in the climbing test and from 0 to 2 in contact placing with the hindlimbs were considered to fail the test. To motivate the and proprioception tests, as explained in the Functional Analysis animals they were rewarded with chocolate-hazelnut cream after section. The scores of the three tests were summed. We also correeach good performance (conditioning operant behavior) (Goldlated the performance in the climbing test with the scores obtained berger et al., 1990). To avoid demotivation of animals unable to pass in contact placing and proprioception tests by OEG-transplanted to the horizontal plane, and only after unsuccessful trials, a grid rats. In this case, the scores of the climbing test ranged from 0 to with 1 ϫ 1 cm squares was placed on the smooth platform. This 2 (0, failure; 1, level 1; 2, level 2 or higher). allowed the animals to climb onto the grid platform by pulling with their forelimbs and thus, finish the test and be rewarded. What is Histology important in this test is that the animals try to pass to the horizontal Eight months after the first surgery and three weeks after tracer platform; thus, we did not consider time a constant parameter, and injection, all rats (n ϭ 32) were anesthetized and perfused with scores were only imputed if the animals made tries. A try was considfixative. The whole spinal cords were longitudinally cut (sagittal, 15 ered when the rats pushed with their forelimbs and propelled the m sections) in a cryostat, and all consecutive spinal cord sections head above the horizontal platform. Animals were allowed similar collected onto different slides. Each slide was immunolabeled with trials in each performance, and these were controlled by an obdifferent primary antibodies and also incubated with fluorescein-or server. The grids used in the test had sidewalls to prevent animals Texas red-conjugated streptavidin (Jackson ImmunoResearch), to from falling. We checked that sidewalls did not make any difference visualize BDA-containing corticospinal axons. in the performance.
The following primary monoclonal antibodies were used: anti- 
